Biochemical interactions underlying the generation of the ventralising signal during Drosophila embryogenesis were investigated by the expression of recombinant Easter and Spätzle proteins. An active form of Easter protease cleaves the Spätzle protein, generating a carboxyterminal polypeptide fragment which, when microinjected into the perivitelline space of a spätzle deficient embryo, directs production of ventrolateral pattern elements. This Spätzle carboxyterminal fragment is a disulfide-linked dimer and modelling suggests that the core disulfide bonds and dimer arrangement of this fragment are highly similar to vertebrate nerve growth factor. Thus Spätzle is a member of a new family of neurotrophin-like signalling molecules in invertebrate development.
Introduction
The specification of cell fates along the dorsal-ventral (dv) axis of the Drosophila embryo is directed by a morphogenetic gradient of nuclearly-localised Dorsal protein in the cellular blastoderm (Steward et al., 1988) . This Dorsal gradient is established through a signal transduction pathway, apparently in response to a ventrally-graded signal in an extracellular compartment called the perivitelline space (PVS) (Stein et al., 1991; Stein and Nüsslein-Volhard, 1992) . Several extracellular proteases, including Snake and Easter and a secreted protein encoded by the spätzle gene are required for the production of the ventralising signal (DeLotto and Spierer, 1986; Chasen and Anderson, 1989; Morisato and Anderson, 1994) . The product of the Toll gene has the structural characteristics of a transmembrane receptor (Hashimoto et al., 1988) . Genetic epistasis and microinjection data argue for the existence of an extracellular protease cascade which results in the ventrallyrestricted and graded production of ligand within the PVS.
Although much has been speculated regarding the biochemical interactions of these extracellular proteins, to date, not a single biochemical interaction has been directly demonstrated (Chasen and Anderson, 1993; Morisato and Anderson, 1995) .
A candidate for the ventralising ligand was first described as a transplantable activity called the polarising activity (PA) which, upon microinjection into the PVS, could polarise the gastrulation pattern and define the ventral most position of the d-v axis (Stein et al., 1991) . Subsequent biochemical characterisation determined that PA consisted of a small heat-and acid-stable protein which appeared to cross react with antibodies generated against the carboxyterminal half of Spätzle. However, the limited quantities of PA purified from embryos precluded more extensive biochemical analyses (Schneider et al., 1994) . Spätzle protein was found in early embryos in several higher molecularweight forms as well as a 23-kD fragment which is derived from the carboxyl part of the protein. The absence of the 23-kD form in embryos which lack the function of genes required upstream in the pathway, suggested that proteolytic processing of Spätzle is a prerequisite for generation of the PA . Genetic epistasis experiments placed Easter, a serine protease zymogen as the closest-known upstream neighbour of Spätzle in the signal transduction pathway, suggesting that Easter might directly process a Spätzle proform.
In order to directly test for biochemical interaction of Easter and Spätzle and to characterise processed forms of Spätzle in greater detail, we produced recombinant forms of these proteins. In this communication, we demonstrate that Easter can directly cleave Spätzle at a unique position, that the Spätzle carboxyterminal fragment generated has the biological and biochemical properties of the polarising activity, that it exists as a disulfide-linked dimer and that it appears to share structural similarities with nerve growth factor (NGF) and the neurotrophin family of growth factor ligands.
Results

Secreted recombinant Spätzle rescues the spz null phenotype when microinjected into the perivitelline space
To analyse the biochemical and physiological properties of Spätzle, we expressed a recombinant protein encoded by a 2.1-kB cDNA which had previously been demonstrated to be active in RNA injection experiments . For protein expression, we used a modified baculovirus expression system and host cells cultured in serum-free medium. Conditioned medium 72 h post infection (p.i.) was assayed by immunoblotting using polyclonal antibodies generated against the carboxyterminal part of the Spätzle protein. Fig. 1A illustrates the accumulation in the medium of infected cells of a 40-kD protein detected with a Spätzle anti-carboxyterminal antibody. The 40-kD protein was purified from the conditioned medium and visualised with Coomasie blue (Fig. 1B) . The 2.1-kB cDNA was predicted to begin with a signal peptide sequence. To determine the position of signal peptide cleavage, we microsequenced the amino terminus of the 40-kD protein. Microsequence analysis indicates that the 40-kD protein begins with keyer arguing that signal peptidase cleaves between amino acids 25 and 26 of the primary translation product rather than the predicted cleavage site after amino acid 22 . The secreted 40-kD protein is 301 amino acids in length with a predicted molecular weight of 34.5 kD. The discrepancy between predicted and observed molecular weight is partly or entirely due to glycosylation, as evidenced by lectin binding as well as the microsequence and mass analysis of proteolytic fragments (data not shown). In order to determine whether recombinant Spätzle is biologically active, we microinjected purified 40-kD protein into the perivitelline space of syncitial blastoderm stage embryos produced by spz null mothers. Purified 40-kD Spätzle restores ventrolateral pattern elements and normalises the dorsal-ventral axis of the recipient embryo. The larval cuticle shown in Fig. 1C was produced by injection of 40-kD Spätzle into the dorsal side of the perivitelline space. In all injections with 40-kD Spätzle, the dorsal-ventral polarity was correct with respect to the egg shape, regardless of the position of microinjection.
Active Easter proteolytically cleaves Spätzle, generating a 12-kD carboxyterminal fragment
To determine whether the Easter protease can proteolytically process the 40-kD Spätzle protein, we coexpressed an active form of Easter, EaDn, with Spätzle and analysed the conditioned medium by immunoblotting using Spätzle anticarboxyterminal antibody ( Fig. 2A ). When EaDn is coexpressed with Spätzle, a smaller band appears with a relative mobility of 12 kDs under reducing conditions (lane f). The band does not appear when an inactive mutant form of Easter, EaDn(S to A), is coexpressed with Spätzle (lane g), indicating that the generation of the 12-kD band specifically requires an enzymatically active form of Easter. The 12-kD fragment was further purified and characterised by amino terminal sequencing. The polypeptide begins with the sequence vggxde, indicating that proteolytic cleavage occurs between Arg 220 and Val 221 of the primary translation product. The relative position of cleavage is diagrammed in Fig. 2B . The 12-kD carboxyterminal fragment is 106 amino acids in length, has a calculated pI of 5.7 and contains seven cysteines.
To determine whether the 12-kD carboxyterminal fragment is also biologically active, 12-kD protein was microinjected into the dorsal perivitelline space of an embryo from a spz null mother. After cellularisation, the embryo was fixed and stained with antibody against the twist protein which is expressed only in the mesoderm of wild type embryos ( Fig. 3E ) and is not expressed in dorsalised embryos from spz null mothers. As illustrated in Fig. 3C , microinjection of small amounts of the 12-kD protein into the PVS induces a local patch of Twist expression, while a larger quantity causes all cells of the cellular blastoderm embryo to express Twist (Fig. 3D ). Cuticle preparations of these injected embryos revealed ectopic patches of ventral denticle adjacent to the site of injection and their gastrula- . IZD-SF cells were infected with virus or mixtures of recombinant virus, cell culture fluid was harvested 72 h p.i., electrophoresed on a 15% SDS-page gel and immunoblotted using anti-Spz carboxyterminal antisera as described (Smith et al., 1995) . tion exhibited ectopic ventral furrow formation (data not shown).
The 12-kD protein exhibits the biochemical properties of the polarising activity
To determine whether the 40-kD and 12-kD proteins have biochemical properties previously ascribed to the polarising activity, we subjected these proteins to a purification procedure developed for PA (Stein et al., 1991; Schneider et al., 1994) . We concentrated the conditioned medium, dialysed it into acetate buffer (pH 4.5) and heated to 100°C for 5 min. As indicated in Fig. 3A ,B, both the 40-kD and the 12-kD proteins, like PA, are quantitatively recovered in the supernatant after heating. Furthermore, the 12-kD protein binds and elutes from ion exchange resins under the same conditions as the PA (see Section 4).
Secreted Spätzle and its carboxyterminal fragment exist as disulfide-linked dimers
To determine the relative molecular weight of the 40-and 12-kD proteins under non-reducing conditions, we performed SDS-gel electrophoresis of the 40-and 12-kD proteins using a sharp gradient of b-mercaptoethanol. The gel was immunoblotted and probed with anti-carboxyterminal antibody (Fig. 4A,B) . Under non-reducing conditions the 40-kD protein runs at 80 kD, while the 12-kD fragment runs at 24 kD. Consistent with these results, in gel filtration using physiological buffer conditions, the 40-kD protein elutes at a position corresponding close to 80 kDs and the carboxyterminal fragment elutes at 25 kDs (data not shown). These results indicate that Spätzle is a disulfidelinked dimer with at least one interchain disulfide bond mapping to the carboxyterminal region.
A model of the disulfide bond arrangement of the Spätzle carboxyterminal fragment based upon that of NGF
It has been noted that the clustering of cysteine residues in the carboxyterminal part of Spätzle is similar to that found in the Cystine-knot growth factors . We sought to model the carboxyterminal 106 amino acids on the cysteine-knot pattern while accommodating at least one interchain disulfide bond and arrived at the model illustrated in Fig. 4C . Although each 12-kD carboxyterminal polypeptide contains seven cysteines, thiol-specific chemical modification followed by mass analysis indicated no free sulfhydral groups in the native 24-kD species (data not shown). The purified 12-kD fragment was digested with Lys-C, the products isolated, microsequenced and mass analysed. Digestion yielded three disulfide-linked polypeptides corresponding to cleavage at all lysines except Lys 69 and Lys
100
. This product is consistent with what would be expected based upon a similar folding to that of NGF (Fig. 5 ). In our model each polypeptide chain contains three intrachain disulfide bridges in a 1-3, 2-6 and 3-7 arrangement. Cystine number five is assigned to a single interchain disulfide bridge resulting in the 24-kD dimer. To determine whether a disulfide bridge involving this residue is essential for the activity of Spätzle, we mutagenised Cys 98 to Ser and Thr and assayed for rescue activity by microinjection of in vitro-transcribed RNA (data not shown). For both alterations, the activity in phenotypic rescue assay was reduced 50-100 fold, suggesting that a disulfide involving Cys 98 contributes significantly but is not absolutely required for the activity of the protein.
Discussion
Recombinant Spätzle is biologically active and capable of almost fully restoring dorsal-ventral pattern with correct polarity relative to the egg shape, independently of the posi- tion of injection. Spätzle is secreted extracellularly as an 80-kD native molecule. Microsequencing of the amino terminus of the secreted form indicates that the protein begins with Lys 26 of the primary translation product rather than Thr 22 . This difference between predicted and actual amino termini may explain the weak rescue activity previously observed in experiments which fused signal peptide to the carboxyterminal 106 amino acids.
Our data show that coexpression of EaDn, a protein encoding an active form of Easter, with Spätzle, results in proteolytic cleavage within Spätzle between an Arginine and a Valine residue. This cleavage specificity is consistent with the trypsin-like preference predicted for Easter from amino acid sequence alignment (Chasen and Anderson, 1989) . In light of the ability of Easter to cleave Spätzle in our coexpression system and existing genetic epistasis data, it is now reasonable to conclude that Easter is directly responsible for the proteolytic processing of the Spätzle in the embryo.
While recombinant Spätzle rescues spz null embryos with correct polarity with respect to the egg shape, the carboxyterminal fragment has the properties of the polarising activity (Stein et al., 1991) . The carboxyterminal fragment defines the ventralmost position when introduced ectopically into the PVS. The greater the amount of carboxyterminal fragment, the larger the field of cells which adopt a mesodermal cell fate. The biochemical properties of this fragment correspond to those previously described for PA (Schneider et al., 1994) .
Although our biochemical data do not conclusively prove our model of the disulfide structure of Spätzle they are consistent with the model. The arrangement of intrachain disulfide in the carboxyterminal Spätzle fragment would appear to be like that of several dimeric growth factor ligands of the Cystine Knot superfamily (Bradshaw et al., 1993; McDonald and Hendrickson, 1993) . The crystal structures of the growth factor ligands NGF, TGF-b and PDGF have shown that the protomers share a common clustering of disulfide bridges as well as predominant b-sheet regions at their core (Swindells, 1992; Bradshaw et al., 1993; McDonald and Hendrickson, 1993) . We modelled the carboxyterminal fragment using the crystal structure of NGF by aligning outwards from the three conserved intrachain disulfide bonds comprising the Cystine knot (Fig. 5 ) (McDonald et al., 1991) . Variation in spacing falls into regions which are variable among the neurotrophins. In NGF, four core segments of the polypeptide chain form bsheets. Computer secondary-structure predictions assigned Fig. 5 . Model of the carboxyterminal fragment of Spätzle based upon the structure of NGF. The amino acid chain of the 12-kD fragment was aligned outward from the three core disulfide bonds. Fig. 6 . The structure of the NGF illustrating Van der Waals contact of the Ala107 side chains at the dimer interface. Derived from the 2.3 Å structure (McDonald et al., 1991) , the backbone chain of each monomer is in cyan and purple. Alpha carbons of Cystines and Ala107 are in grey, sulphur atoms are yellow and the methyl groups of Ala107 are red. In Spätzle, the analogous position to A107 is occupied by a Cys involved in the interchain disulfide bond.
b-sheet structure to three of four analogous segments of Spätzle (data not shown). Among the neurotrophins, charged amino acid residues in several variable turn regions are believed to be primarily responsible for ligand-receptor interactions. The analogous regions (I, II, III and V) of the 12-kD fragment are also charged and of similar amino acid composition. We propose that Spätzle is a member of a new family of growth factor ligands closely related to NGF and the neurotrophins. The presence of such a structure in Drosophila indicates that neurotrophin-like protein architecture evolved prior to the split between vertebrate and invertebrate lineages.
A test of our model would be to see how well it can accommodate dimer formation. NGF, TGF-b and PDGF are all dimeric molecules, however, each has a different mode of dimerisation involving different protomer interfaces (McDonald and Hendrickson, 1993) . While NGF protomers adopt a non-covalent parallel arrangement, TGF-b and PDGF protomers form antiparallel dimers joined by either one or two interchain disulfide bonds, respectively. In contrast, NGF utilises hydrophobic surfaces on the opposite side of the molecule that both TGF-b and PDGF utilise for the dimer interface (Daopin et al., 1992) . Cys 98 of the Spätzle carboxyterminal fragment was assigned to the interchain disulfide bond of the 24-kD dimer. To determine which of these dimers Spätzle might resemble most, we asked where Cys 98 would lie if Spätzle adopted a dimeric structure like that of any of these three growth factors. The best match was found with NGF in which Cys 98 of the Spätzle 12-kD fragment corresponds to Ala 107 of NGF. In the NGF dimer, the methyl side chain of Ala 107 of each protomer is in van der Waal's contact with the Ala 107 of the other protomer (McDonald et al., 1991) . Our estimate of b-carbon distances between the Ala 107 methyl carbons in the NGF dimer is 3.6 Å . Substitution of Cys for Ala in this position would place the side chain sulphur atoms in a highly favourable geometry to form a disulfide bond (Fig.  6 ). Modelling the interchain disulfide upon either the TGF-b or the PDGF crystal structures fails to easily accommodate the interchain disulfide bond. We therefore conclude that the 24-kD Spätzle carboxyterminal dimer must adopt a parallel (head-to-head) structure which is similar to NGF. In NGF, dimer formation is mediated exclusively by hydrophobic surfaces at the dimer interface (McDonald et al., 1991) . It is probable that both dimer interface interactions as well as the interchain disulfide are required to stabilise the Spätzle dimer, since mutagenesis of Cys 98 to Ser or Thr reduces but does not eliminate phenotypic rescue activity. Interestingly, Trunk, the presumptive ligand for the terminal signalling pathway during Drosophila embryogenesis also shares all seven cysteines with Spätzle (Casanova et al., 1995) . Modelling in our laboratory suggests that Trunk can adopt a similar parallel dimeric NGF-like architecture much like Spätzle (data not shown).
Dimeric growth factor ligands signal by inducing the dimerisation or oligomerisation of receptor serine/threonine or tyrosine kinases (Ullrich and Schlessinger, 1991) . Toll, the presumptive receptor for the ventralising signal, has an unusual modular structure with leucine-rich repeats in the extracellular part and homology to the interleukin-1 receptor at the carboxyterminus (Hashimoto et al., 1988; Gay and Kieth, 1991; . In addition, Toll and trk/trkB, the NGF high-affinity receptors share a similar arrangement of leucine rich repeats (LRRs) surrounded by cysteine clusters in their extracellular domains (Schneider and Schweiger, 1991) . This structural similarity in their extracellular domains may suggest mechanical similarities in the way in which these two receptors physically interact with their respective ligands. The demonstration of binding of the Spätzle 'ligand' to the Toll receptor would be an important first step toward elucidating the events which mediate transmission of the ventralising signal across the plasma membrane.
Experimental procedures
Spätzle expression
Conditioned cell culture fluid from either Spz 8.19 (2.1-kB cDNA, see below) expressing the 40-kD protein or coinfection of Spz 8.19 and EaDn yielding the 12-kD protein was dialysed into 20 mM NaAc, pH 4.5 overnight with three changes. After dialysis, cloudy precipitate was removed by centrifugation at 3000 rev./min for 10 min in an SS34 rotor in a Sorvall. The resulting supernatant was placed in a Falcon 2069 tube in boiling water for 5 min. The cloudy precipitate was removed by centrifugation at 10 000 rev./min in an SS34 rotor. Both the 40-and the 12-kD proteins were recovered almost exclusively in the final supernatant. For microinjection, 12 kD supernatant, (Fig. 1h) , was concentrated by Centriprep-10 (Amicon) and dialysed into water. Serial dilutions in sterile water were made and microinjected into the perivitelline space of embryos from spz 197 / spz 197 homozygous mothers. Rabbit anti-Twist antisera was used as previously described (Smith et al., 1994) .
Antibodies and immunoblotting
Anti-Spätzle rat polyclonal antiserum was produced against a bacterial fusion protein of Maltose binding protein to the carboxyterminal 106 amino acids of Spätzle. Spätzle 8.19 cDNA was generated by RT PCR using the primers 5′-GACTCTGCAGGATCCATGATGACGCCCATGTGG-A-TA-3′ and 5′-GATCAAGCTTGGTACCTCACCCAGT-CTTCAACGCGCACT-3′ was subcloned into BamHI-and HindIII-digested pGEM4 generating pGEM4-8.19. This plasmid was used as a template for PCR using the primers 5′-GTACTACGTAGGTGGCTCAGACGAGCG-3′ and 5′-GATCAAGCTTGGTACCTCACCCAGTCTTCA-ACGCGCACT-3′. The fragment was digested with SnaBI and HindIII and subcloned into XmnI-HindIII digested pMAL-c2 (NEB). The fusion protein was purified by chromatography from an Amylose-Sepharose column (NEB) (Innis et al., 1990) .
Recombinant Spätzle protein
Recombinant Spätzle protein was expressed using a modification of the baculovirus expression system. pGEM4-8.19 was digested with BamHI and KpnI and the insert fragment was ligated into pBacPAK8 BamHI/KpnI. Recombinant virus was generated using standard methods and protein was expressed in IZD-SF cells grown in serumfree medium as previously described (Smith et al., 1995) . Cell culture medium was isolated 72 h p.i., loaded on a 12.5% SDS polyacrylamide gel, blotted to PVDF membrane (Millipore) and immunoblotted as described (Driever and Nüsslein-Volhard, 1988) . Spätzle protein was first purified as described (Schneider et al., 1994) and further purified by HPLC on a Vydac C4 4.6 mm ×25 cm-column with a gradient of 0.1% TFA/0% CH 3 CN to 0.09% TFA/70% CH 3 CN. Perivitelline microinjection was performed as described (Stein et al., 1991) . Western blotting analysis was conducted as previously described (Smith et al., 1995) .
